We have implemented two-component spin-orbit relativistic effective core potential (SOREP) methods in an all-electron relativistic program DIRAC. This extends the capacity of the two-component SOREP method to many ground and excited state calculations in a single program. As the test cases, geometries and energies of the small halogen molecules were studied. Several two-component methods are compared by using spin-orbit and scalar relativistic effective core potentials. For the I 2 molecule, excitation energies of low-lying excited states agree well with those from corresponding all-electron methods. Efficiencies in SOREP calculations enhanced by using symmetries are also discussed briefly.
Introduction
Understanding of chemical systems including heavy elements has been rapidly growing in recent years.
1,2 Not only academic areas but realms in industry, heavy elements play crucial role at present. However, describing heavy element in quantum mechanical calculation has practical barriers from the complexities in the calculation. As the elements become heavier, the nonrelativistic Schrödinger equation often fails to describe the electronic structures properly. For a reliable description of many molecules containing heavy elements, one should apply the methods based on the relativistic Dirac equation. However, the straightforward application of the Dirac equation is still quite limited due to the computational complexity. For this reason, many modified and simplified approximations to Dirac equations have been proposed. 3 Among them, relativistic effective core potential (RECP) 4 has been one of the most popular approximations since RECP can include two important relativistic effects. The scalar relativistic effect -mainly comes from mass-velocity and Darwin terms -is incorporated into the average relativistic effective core potential (AREP). When the spin-orbit terms, which are remaining important relativistic effects, are added to AREP, the spin-orbit relativistic effective core potential (SOREP) is obtained. One of main advantages of using RECP is that spinorbit terms can be considered at various stages of calculations. By choosing AREP or SOREP, the spin-orbit effect can be excluded or included in the RECP calculations, respectively.
Many variations of AREP can be readily implemented in conventional general quantum mechanical programs since the effective Hamiltonian for AREP is same in form to nonrelativistic Hamiltonian (Sec. II-A). SOREP, however, needs more complicated 2-component Hamiltonian, and several programs utilizing SOREP have been proposed from our group 5-10 and others. 4 However, those few programs supporting SOREP calculations have quite limited capabilities limited in specific theories for each program.
In this paper, we report the implementation of an RECP method in a general purpose relativistic program DIRAC.
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For the ground state calculation, several theories including Hatree-Fock (HF), density functional theory (DFT), MollerPlesset second order perturbation (MP2), configuration interaction (CI), coupled-cluster (CC), and Fock-space coupled cluster (FSCC) 4 can be used in both the AREP and the SOREP method. Excited state calculations are also allowed through CI and FSCC theories. From the comparison of several correlated methods, we will show that RECP is easily applicable to ground and excited states of several systems which have noticeable relativistic effects. The comparison can also be made with other relativistic Hamiltonians. In the following section, efficiencies expected in practical calculation were tested through the adaption of several symmetries. In the current version of DIRAC, eight symmetries from C 1 to D 2h are allowed in the RECP calculation. As test cases, several halogen molecular systems, HX and XHX − (X=Cl, Br, I) were calculated. Vertical Excitation energies of I 2 were also compared with other all-electron methods.
Theory
Relativistic Effective Core Potential Model. One of the earliest version of SOREP or two-component RECPs were derived by Lee et al.
12 from the modification of semi-local form of pseudo-potential. 13 (1) (2) where i and j denote elections, Z a eff is the effective charge for valence elections, a is core indices, and U a RECP indicates RECP of atom a.
The RECP can be described in many ways depending on the description of the spin-orbit part. Here, we classify RECP as SOREP and AREP. As in the original paper, 12 spin dependent term is included in SOREP to have a general expansion form as, .
Since all potential terms including relativistic effects become similar for highly excited orbitals of higher angular momenta, the infinite expansion can be approximated as,
. (4) From the above spin-dependent expression of RECP, Ermler et al. 
where .
The spin-orbit potential (U SO ) is defined as,
with .
Advantage from this form of definition is that one can neglect spin-orbit coupling term by employing only the potential U AREP and omitting U SO part. Thus, the scalar relativistic effect and the spin-orbit effect are easily separated and treated at different levels. With U SO , radial functions of the two atomic spinors with j = l + 1/2 and j = l−1/2 become different when SOREP is used to generated one electron wave function. Omitting U SO , amounts to using average of two spinors of same l but differing in j as the l orbital. This AREP method is entirely the same in form as nonrelativistic effective core potential methods. AREP calculations can be performed with nonrelativistic quantum chemistry programs once the AREP integrals over basis sets are available. One can do two-component SOREP calculations when both AREP and ESO are included, but this requires programs to handle two component spinors. The present work is an effort to use an all-electron relativistic program DIRAC for this purpose. In the quantum chemical applications the radial part of RECP is expressed as an expansion of analytic functions, usually Gaussians. Then any effective core potentials having the form given above can be utilized in the program. Two types of RECPs most relevant to the present presentation arethe shape-consistence (SC) and the energy-adjusted (EA) RECPs that are based on nodeless pseudo-orbitals. Implementation. In this section, an implementation of one-electron RECP integrals will be discussed briefly. The schematic view of implementation is shown in Figure 1 .
In Figure 1 , a simplified description of the main program routines in DIRAC is shown. The names with and without box in the figure indicate names of subroutines and files used in modified DIRAC program, respectively. When the DIRAC program 11 starts, the input module (PAMNP) reads an original input and sets up symmetric information including transformation matrices from atomic orbitals to symmetry orbitals. From these, the INPUT file of the RECPINT program is generated. The main RECPINT routine (based on ARGOS integral routine 16 ) is called after the DIRAC input module, and calculate nuclear attraction integrals and spinorbit integrals. AREP parameters go into the potential in Eq. (6) and SO parameters are defined in Eq. (8) . When the RECPINT routine is completed, VCORE, SOX, SOY, and SOZ files are extracted. First file (VCORE) is from the nuclear attraction integral. Three remaining files (SOX, SOY, and SOZ) are from spin-orbit integrals, treated like x, y, and z components of Pauli matrices in the Dirac equation. Thus, in the case of the AREP calculation, elements of these three matrices related to spin-orbit integrals will be zero. They are placed as effective potential (U RECP ) in one-electron operator, Eq. (2). Reading files from the RECPINT routine is performed by the PAMSET routine. After setting all integrals needed, self-consistent-field (SCF) iteration module (PAMDRV) works. Further electron correlation calculations can be obtained from the molecular spinors obtained after the SCF iteration. We use spinors to express one electron wave functions for which α spin-orbitals and β spin-orbitals mix to form two-component or four-component functions. Efficiencies with Symmetry. Exploitation of the spatial symmetry is one advantage of the present implementation. In the effective molecular Hamiltonian, the one-electron part is modified by RECP (U RECP , Eq. 2). As shown in section B, nuclear attraction integrals (V) and SOREP integrals (σ x , σ y , σ z ) are calculated in the RECPINT routine. Other integrals such as overlap and kinetic (T) integrals are obtained from the routine in the DIRAC program. AREPs are placed in diagonal parts of symmetry blocks in the one-electron Fockmatrix whereas SOREPs go to off-diagonal parts. Each one and two-electron Fock matrix can be divided into symmetry blocks in DIRAC. For example, the one-electron Fock matrix (F 1 ) for the C 2V symmetry is following, (10) where each column and row indicates A1, A2, B1, and B2 irrep., respectively. An example form of the F matrix is presented here to show that different symmetry blocks are connected by spin-orbit terms in the SOREP-KRHF method.
In Table 1 , the results from C 1 to D 2h symmetry are listed for the test case of tetrachloro ethylene (C 2 Cl 4 ) molecule obtained in Kramer Restricted Hartree-Fock (KRHF) calculations. For the carbon atom, aug-cc-pVTZ basis set 17, 18 was used. Christiansen 7 valence SOREP 19 with the modified basis set of Lee et al. 20 was used for the Chlorine atom. The f functions of atomic basis sets were neglected in Table  1 for the convenience. Test calculations were performed using an AMD Athlon(TM) 64 X2 Dual Core Processor 4600+. Only single CPU was used in this task.
First, as seen from C 1 to D 2h , the time decreases by adapting symmetry. The C 1 symmetry case took 392 seconds. Whereas in the C s symmetry, elapsed time was 232 seconds (less than two thirds of the C 1 case). The D 2h symmetry took only 152 seconds which is almost one third of the C 1 symmetry. The total computation time provides only the partial information, but clearly demonstrated is the reduction of time with symmetries. When the size of the system is bigger, more time saving from the applying symmetry will be observed.
Another important issue in a practical calculation is the disk usage which is also compared in Table 1 . Three files are compared and all of them show larger reductions than the CPU times. The VCORE files have the information of nuclear interaction integral. They were generated from RECPINT routine with several symmetries, and copied to DIRAC program. As they have more symmetry, larger savings occur. The DFCOEF file contains MO expansion coefficients from the SCF iteration, and DFFCK1 is the one electron Fock matrix file. These files are formed in the SCF calculation after reading integral files. For example, DFCOEF file for the C 1 symmetry is 1,241,682 byte. With the C S symmetry, the size is reduced to almost half. When the D 2h symmetry is adapted, the files are decreased to 157,310 which is approximately one tenth of the size in the C 1 . Compared to CPU time, more substantial savings are realized in the use of disk resource.
Test Calculations
Hydrogen Halide (HX) and Hydrogen Bihalide Anion (XHX − ). In this section, RECP calculations of hydrogen halide (HX) and hydrogen bihalide anion (XHX − ) molecules are compared for several methods. First, we studied hydrogen halides which are well-known molecules both in theories 21 and experiments. 22 The XHX -molecules are relatively unknown in experiments. 23, 24 Several methods from RECP will also be compared with all-electron (AE) calculations for the reliabilities.
The methods used here are HF, MP2, DFT, CC theories for AREP, and their spin-orbit two-component counterparts, Kreamer-restricted HF (KRHF), KR-MP2, KR-DFT, KR-CC, respectively, for SOREP. Three different perturbative triples contributions in CCSD theory (CCSD+T, CCSD(T) and CCSD-T) 25 were also obtained. AREP and SOREP used in this calculation were shape-consistent RECPs generated by Christiansen et al. with 7 valence electrons. 19 Basis sets for these ECP are (7s7p3d2f)/[4s4p3d2f] which were optimized by Lee et al.. 20 For comparisons with RECP calculation, all-electron Dirac-Hartree-Fock (DHF) 3 calculations were also conducted. All-electron basis-sets are from Dunning's cc-pVTZ basis-set 17, 18 for chlorine and Dyall's pVTZ basis-set 26 for bromine and iodine. In the case of the hydrogen, Aug-cc-pVTZ basis set 17, 18 was used for all calculations. All calculations were conducted from the newly modified-DIRAC program.
In Table 2 , bonding distances of hydrogen halide (HX) and hydrogen bihalide (XHX − ) molecules are listed for several methods. Geometries in each type of molecules follow similar tendencies among different theories. For the HX molecules, dynamic correlation elongates bond lengths, whereas those in XHX − molecules appear in opposite directions except for the B3LYP 27 method. The B3LYP method is very close to CCSD in both AREP and SOREP for HX, but differs significantly from other correlation methods in XHX − molecules. B3LYP tends to overestimate bond lengths compared to CCSD(T) in both HX and XHX − , whereas the MP2 calculation had the bond length 0.01 Å shorter than CCSD(T). Effects of triple excitations in coupled cluster theory are similar in both HX and XHX − . Changes from each triple correction are negligible, being less than 0.001 Å.
Compared with all-electron calculations, RECP calculations for HX molecules have shorter bond lengths. But the − system of heavy halogen elements is bonded less tightly, and this leads to smaller dissociation energies in Table 3 . In all cases, largest bond changes occur at the HF level of theory. Discrepancies from CCSD(T) are 0.03 Å in iodine cases. The mean-field approximation is not quite suitable for the description of XHX − system. KRCCSD(T) bond length differences are 0.279 Å, 0.288 Å, and 0.301 Å for Cl, Br, and I, respectively. Spin-orbit effects are rather small in the cases of elongation.
Dissociation energies of XHX − are shown in Table 3 . The energies are obtained from the energy differences between the stable XHX − molecules and their dissociated products HX and X for the two-component SOREP methods, which becomes available through the current modification, can be used to calculate transition energies including electron affinity (EA), ionization potential (IP), and excitation energies with high accuracy. Here, SOREP spinor based FSCC with single and double excitation (FSCCSD) is tested for the ground state of the I 2 molecule, and selected excitation energies for the same molecule are calculated using CI methods. In Table 4 , the equilibrium bond length and the dissociation energy of I 2 molecule are compared with other FSCCSD and DC-CCSD(T) methods. The comparison of SOREP-FSCCSD with all-electron DC-FSCCSD calculations 28 indicate that SOREP-FSCCSD yields bond lengths similar, but the dissociation energy is lower by 0.19 eV. The energy changes due to difference in basis set are expected to be large as can be seen from the comparison of DC-FSCCSD and DC-FSCCSD+BSSE. DC-CCSD(T) values 29 imply that the contribution from triple excitations will be also important to estimate experiment result.
Vertical excitation energies for the neutral I 2 molecule were examined using the general open shell CI (COSCI) routine 30 in the modified DIRAC program. COSCI does full CI calculation for the orbital (spinor) space specified. Orbitals (spinors) are generated from the average-of-configurations HF (KRHF). 6 molecular spinors are included in the CI space. Ground state of I 2 molecule has σ g 2 π u Table 5 . The results from SOREP spinor based COSCI (SOREP-COSCI) are very close to all-electron COSCI (AE-COSCI). All vertical energy differences with AE-COSCI are within 0.03 eV. Here, low-lying excited states are not affected seriously by the RECP approximation. When compared with more accurate MR-CISD results, many of SOREP-COSCI values are even closer to MR-CISD ones than AE-COSCI. Differences from experiment values 22, 31, 32 are significant, implying the necessity of larger CI space and one-electron basis sets.
Conclusion
Two-component SOREP calculations were applied in HF and several correlated methods via modified DIRAC program. The program also exploits several Abelian group symmetries up to D 2h . Symmetry use reduces computational demands significantly at the HF step and beyond. Test calculations were conducted for several group 17 molecules, demonstrating that most of popular methods can be employed to estimate spin-orbit effects by comparing AREP and SOREP calculations of a given method. Excited states were also explored with RECP demonstrating that SOREP values are reasonably close to all-electron ones. We believe that the present implementation of SOREP in the DIRAC program could be of use to investigate relativistic effects on molecular systems which are difficult to treat at the allelectron level. 
